Introduction {#s1}
============

A large number of neurotransmitter receptors containing seven transmembrane domains, including the group I metabotropic glutamate receptors mGluR1 and mGluR5, α1 adrenergic receptors, and 5HT~2~ serotonergic receptors, mediate their physiological responses by activating heterotrimeric GTP-binding (G-) proteins with alpha subunits in the G~q~ family (G~αq~) (Pin and Duvoisin, [@B51]; Millan et al., [@B41]; Cotecchia, [@B15]; Ribeiro et al., [@B54]). The G~αq~ family consists of four members: G~αq~, G~α11~, G~α14~, and G~α15/16~; of which G~αq~ and G~α11~ represent the major isoforms in the adult brain (Strathmann and Simon, [@B63]; Wilkie et al., [@B71]). These proteins are co-expressed almost ubiquitously in the central nervous system, share 88% amino acid sequence homology and couple receptor stimulation to the activation of phospholipase C (PLC)-β isoforms, phosphatidylinositol (PI) hydrolysis, and downstream second messenger signaling systems (Strathmann and Simon, [@B63]; Smrcka et al., [@B60]; Taylor et al., [@B64]; Mailleux et al., [@B39]; Offermanns et al., [@B45]; Exton, [@B19]). Although G~αq~ and G~α11~ are expressed together in almost every cell type, the relative levels of expression vary across brain regions with G~αq~ expression being 2--5 times higher than G~α11~ in most areas (Milligan, [@B42]). Given that the functions of these two proteins are largely redundant, genetic inactivation of both *Gnaq* and *Gna11*, the genes that encode for G~αq~ and G~α11~ respectively, results in embryonic lethality at embryonic day 10.5 (Offermanns et al., [@B48]). Genetic inactivation of either G~αq~ or G~α11~ results in mice that are viable with more pronounced phenotypes observed in the G~αq~ knockouts, which harbor impairments in cerebellar maturation, motor coordination, and primary hemostasis (Offermanns et al., [@B46],[@B47], [@B48]).

Gross anatomical deficits in the morphology and development of the nervous system have not been reported in G~αq~ knockout mice other than postnatal alterations in the innervation of the cerebellum (Offermanns et al., [@B47]). As such, loss of G~αq~-mediated synaptic pruning in the cerebellum has been suggested to underlie the altered behavioral output in motor function and ataxia observed in these animals. These findings raise the question of whether deficits in G~αq~ signaling in forebrain locomotor circuitry may also be involved. In these circuits, dopaminergic axons from the substantia nigra (SN) pars compacta innervate GABAergic medium spiny neurons (MSNs) in the dorsal striatum (caudate putamen). Also forming synaptic contacts on the dendritic arbors of the MSNs are descending corticostriatal glutamatergic inputs and those projections coming from the thalamus. MSNs in the dorsal striatum are largely segregated into two populations based on expression of dopamine receptors and axonal projections. MSNs expressing dopamine D~1~ receptors project directly to the SN pars reticulata while those expressing D~2~ receptors project to the SN pars reticulata via an indirect route involving intermediate synapses in the globus pallidus and the subthalamic nucleus. The SN pars reticulata then relays signals to the thalamus and motor cortex (stimulatory in the case of the direct pathway or inhibitory from the indirect) for the control of voluntary movement (Gerfen, [@B23]; Albin et al., [@B1]; Shuen et al., [@B59]). The thalamus and motor cortex are points of convergence between the cerebellar and basal ganglia circuits (Nakano, [@B43]), suggesting that deficits in either or both of these circuits could result in motor deficits from loss of G~αq~ signaling. In fact, G~αq~ is highly expressed in both the caudate putamen and the cerebellum (Mailleux et al., [@B39]).

Recent evidence also suggests that dopamine D~1~-like receptors, which are typically thought of as coupling with G~αs/olf~, may also be capable of coupling to G~αq~ (Wang et al., [@B68]; Jin et al., [@B31]). Additionally, given the broad diversity in receptors that couple to G~αq~ and the range in biological processes in which these receptors are involved, there may be other circuits that are behaviorally relevant that might be impacted by constitutive loss of G~αq~ signaling. For example, the prefrontal cortex, a brain region that has been shown to directly regulate working memory and other cognitive functions (Goldman-Rakic, [@B27]; Chudasama, [@B11]; Kesner and Churchwell, [@B33]) as well as influencing a variety of other behaviors including mood regulation and emotional processing (Drevets et al., [@B17]; White et al., [@B70]; Etkin, [@B18]), also expresses high levels of G~αq~ protein (Milligan, [@B42]). The functions of the prefrontal cortex have been previously shown to be sensitive to local changes in neurochemical content and receptor signaling (Rinaldi et al., [@B55]; Vijayraghavan et al., [@B67]; Arnsten, [@B4]). Here, we address these questions and more precisely define the phenotype and drug responsivity of G~αq~ knockout mice using a systems-level approach.

Methods {#s2}
=======

Animals
-------

The generation of G~αq~ knockout mice has previously been described (Offermanns et al., [@B47]). For the present experiments, heterozygous G~αq~ males were mated to heterozygous females to generate litters containing wildtype, heterozygous, and knockout mice. The genotypes of all mice were determined by polymerase chain reaction (PCR) analysis of genomic DNA obtained from tail biopsies using methods previously described with minor adaptations (Offermanns et al., [@B47]; Stanwood et al., [@B62]). For each experiment, an average of 6--24 wildtype, 6--20 heterozygous, and 6--15 knockout mice were analyzed with the exception of the forced swim test in which four knockout mice were analyzed. Tail biopsies were obtained at the time of weaning, postnatal day (P)21, for initial assignment of genotypes and once again at the time of sacrifice for confirmation.

Male mice were housed in cages of 2--5 with their littermates under standard housing conditions on a 12 h light/dark cycle (lights on 0600--1800 h) with *ad libitum* food and water. Their cages contained environmental enrichment huts (Otto Environmental, Milwaukee, WI) and their diet was high-energy irradiated LabDiet 5LJ5 (Tusculum, Nashville, TN). All behavioral testing was conducted during the light phase on mice that were at least (P)60 at the time of initial testing. Mice were extensively handled for at least 1 week prior to the beginning of testing and were habituated to the testing rooms for \~30 min prior to beginning of every experiment. Mice were also weighed prior to the beginning of each experiment and there were no significant changes in weight as a result of the behavioral testing. All procedures were approved by the Vanderbilt University Animal Care and Use Committee.

Drugs
-----

The drugs used in this study were the dopamine D~1~-like receptor agonists SKF83959 (3-methyl-6-chloro-7,8-dihydroxy-1-\[3-methylphenyl\]-2,3,4,5-tetrahydro-1H-3-benzazepine; Tocris Biosciences, Minneapolis, MN) used at 1 mg/kg and SKF83822 (\[*R/S*\]-6-chloro-7, 8-dihydroxy-3-allyl-1-\[3-methyl-phenyl\]-2,3,4,5-tetrahydro-1H-3-benzazepine, NIMH Chemical Synthesis Program, Research Triangle Park, NC) used at 0.4 mg/kg. Additionally, the NMDA receptor antagonist MK-801 (\[5R,10S\]-(+)-5-Methyl-10,11-dihydro-5H-dibenzo\[a,d\]cyclohepten-5,10-imine hydrogen maleate, Sigma, St. Louis, MO) was used at 0.2 mg/kg and cocaine HCl (NIH/NIDA, Bethesda, MD) was used at 30 mg/kg. All drugs were dissolved in 0.9% saline and injected intraperiotoneally (i.p.).

Rotarod
-------

Motor coordination and balance were measured using a commercially available accelerating rotarod apparatus (Ugo Basile model 7650, Collegeville, PA). Mice were placed on the rotating cylinder (3 cm in diameter) and confined to a section approximately 6.0 cm long by gray plastic dividers. The rotational speed of the cylinder was increased from 5 to 40 rpm over a 5 min period. The latency at which mice fell off the rotating cylinder was measured. Each mouse was tested on three independent trials per day (with a 15 min inter-trial period) over a 3 day testing period.

Inverted screen
---------------

For the inverted screen test, 2--4 littermates were placed on a metal grid screen (10 × 14 cm) with separate compartments. After placement, the mice were allowed time to grip the grid before it was inverted 60 cm over a plastic cage containing fresh bedding. Latency to fall was recorded up to 60 s, at which point mice were removed from the apparatus and returned to the home cage. Three independent trials were conducted approximately 15 min apart on 1 day of testing, and data from all three trials were averaged together.

Elevated zero maze
------------------

The elevated zero maze is a modification of the elevated plus maze used for assessing anxiety-related behaviors. Use of the circular maze removes any ambiguity in data interpretation as there is no center zone (Lister, [@B38]; Shepherd et al., [@B58]; Rodgers et al., [@B56]). The elevated circular platform (40 cm off the ground, 50 cm in diameter) had two enclosed arenas opposite each other (5 cm wide with 15 cm high walls) and two open arenas (5 cm wide). At the start of the test, each mouse was lowered by its tail into the open arena of the maze and allowed to explore the maze for 300 s. Activity of the mouse was monitored via an overhead camera connected to a computer in a separate room using video acquisition and ANY-maze analysis software (Stoelting, Wood Dale, IL). Data analyzed included percentage of time spent in the open versus closed arenas and the total distance traveled in the maze.

Y-maze
------

The Y-maze containing three clear arms (34.5 × 5.2 cm) joined in the center was placed on an opaque table about 91 cm above the ground in a room containing several large immovable objects to use as spatial cues. At the start of the test, each mouse was lowered by its tail into the center junction of the maze and allowed to explore the maze for 360 s. Activity of the mouse was monitored via an overhead camera connected to a computer in a separate room using video acquisition and ANY-maze analysis software (Stoelting, Wood Dale, IL). The sequence of individual arm entries was scored by the observer in real time and used to calculate the percentage of spontaneous alternations for each animal (consecutive entry into each of the three arms) as previously described (Thompson et al., [@B65]). The Y-maze assesses spatial working memory as animals tend to alternate between arms based on their memory of the previously visited arms. Chance performance is 22.2% in this paradigm.

Forced swim test
----------------

Behavioral despair was assessed in the forced swim test using plastic cylinders (50 cm in diameter, 21 cm in height) filled approximately three-fourth full with room temperature water. Mice were individually placed into the cylinder for a 6 min test and were recorded on video for the duration of the test. After testing, the mice were placed into a heating cage to dry before returning to the home cage. The water was changed between tests and the temperature of the water was recorded. Videos were later analyzed for time spent immobile for each mouse by an observer blinded to genotype.

Open field
----------

Locomotor activity in a novel open field and locomotor responses to SKF83959, SKF83822, cocaine, and MK-801 were measured using commercial open field activity chambers (Med Associates, 29 × 29 × 20.5 cm) that were contained within light- and air-controlled environmental chambers (Med Associates, St. Albans, VT; 64 × 45 × 42 cm) (Stanwood and Levitt, [@B61]). Location and movement were detected by the interruption of infrared beams by the body of the mouse (16 photocells in each horizontal direction, as well as 16 photocells elevated 4 cm to measure rearing) and were measured by the Med Associates Activity Monitoring program. On Days 1 and 2 of testing, mice were placed into activity chambers for 30 min for baseline measurements, removed from the chambers, injected with 0.9% saline, and returned to the chambers for 60 min. On Day 3 of testing, the mice were injected with SKF83959 (1 mg/kg) instead of 0.9% saline. This extended protocol was designed to extensively habituate the mice to the chambers before drug administration. For testing of additional compounds, a 2-day protocol was implemented where the mice received 0.9% saline on Day 1 and the test compound (0.4 mg/kg SKF83822, 0.2 mg/kg MK-801 or 30 mg/kg cocaine; i.p.) on Day 2. Experiments were conducted at least 1 week apart and animals were handled during the period of time during which they were not tested. For simplicity of analysis and display, the baseline and post-injection periods were averaged and are represented as bar graphs.

Data analysis and statistics
----------------------------

Except when otherwise noted, data were subjected to one- or-two way analysis of variance (ANOVA) using genotype as a between-group factor using GraphPad Prism. *Post-hoc* Tukey\'s Multiple Comparison Tests were used to compare groups to each other except for the rotarod analysis, where Bonferroni comparisons were employed. Normality was not observed within the inverted screen dataset, due to many null mice immediately falling from the screen. For these data, therefore, a nonparametric Kruskal-Wallace test and *post-hoc* Dunn\'s comparisons were employed. Graphs are marked with an asterisk (^\*^) to denote statistical significance (*p* \< 0.05). For data with *p* \< 0.01 or *p* \< 0.001, the graphs are marked with two (^\*\*^) or three (^\*\*\*^) asterisks, respectively. For data with a *p* \> 0.05 but less than *p* = 0.20, the data was noted as exhibiting a trend. In the inverted screen test, genotype differences were assessed by unpaired Student\'s *t*-test with significance defined as two-tailed *p* \< 0.05.

Results {#s3}
=======

G~αq~ knockout mice exhibit alterations in body weight
------------------------------------------------------

Visual inspection revealed that G~αq~ knockout mice are significantly smaller than their wildtype littermates (Figure [1A](#F1){ref-type="fig"}). Figure [1B](#F1){ref-type="fig"} shows the average weights of adult G~αq~ null, heterozygous, and wildtype mice at the start of behavioral testing. Consistent with their smaller sizes, G~αq~ knockout mice weigh almost half as much as wildtype mice \[*F*~(2,\ 28)~ = 12.33, *p* \< 0.001\] and this phenotype is maintained across their lifespan (data not shown).

![**Weight analysis.** G~αq~ knockout mice are smaller than their wildtype littermates as shown in the photomicrograph in **(A). (B)** shows the average weight of each genotype at the time of initial testing (\~2--3 months of age). G~αq~ knockout mice weigh significantly less than wildtype \[*F*~(2,\ 28)~ = 12.33, *p* \< 0.001\] and heterozygous \[*F*~(2,\ 28)~ = 12.33, *p* \< 0.01\] mice and this phenotype is maintained throughout the life of the animals (data not shown). Each column represents the average of 8--12 animals.](fnbeh-06-00029-g0001){#F1}

Abnormal motor function in G~αq~ knockout mice
----------------------------------------------

Mice homozygous for a deletion in G~αq~ have previously been described as exhibiting deficits in motor function including loss of balance during walking and rearing, spastic, and uncontrolled movements and ataxia upon visual inspection (Offermanns et al., [@B47] and data not shown). Quantifiable deficits in motor function and coordination are revealed on an accelerating rotarod where G~αq~ knockout mice fell from the device in significantly less time than controls on each of three consecutive testing days (Figure [2A](#F2){ref-type="fig"}; factorial ANOVA, *post-hoc* Bonferroni comparisons *p* \< 0.05 on Day 1, *p* \< 0.01 on Days 2 and 3), confirming previous findings (Offermanns et al., [@B47]). There were also significant differences in performance observed between the heterozygous and null mice on each day of testing (Figure [2A](#F2){ref-type="fig"}; *p* \< 0.05 on Day 1, *p* \< 0.001 on Days 2 and 3) with no significant differences between the heterozygous and wildtype mice. Similarly, G~αq~ knockout mice performed significantly worse than wildtype and heterozygous animals on an inverted screen test, confirming motor, and/or coordination impairments in the null animals (*p* \< 0.05; Figure [2B](#F2){ref-type="fig"}).

![**Rotarod and inverted screen tests.** G~αq~ knockout mice spend significantly less time on an accelerating rotarod than their wildtype and heterozygous littermates (**A**; *p* \< 0.05 between the knockouts and the other two genotypes on day 1 of testing; *p* \< 0.01 on days 2 and 3 by Two-Way ANOVA with Bonferroni *post-hoc* comparison test). *n* = 6 for each genotype and each individual animal was tested in three trials on three consecutive days of testing. The data shown here represents the three trial averages across genotypes on each day of testing. **(B)** shows the latency of each genotype to fall from an inverted screen. Wildtype and heterozygous mice are able to grip the screen almost three times longer than G~αq~ null mice indicating reduced muscle and/or grip strength in the knockouts (overall *p* \< 0.0001 by Kruskal--Wallis test; null mice are significantly different from both wildtype and heterozygote mice by Dunn\'s test, *p* \< 0.05). Each column represents the average of 13--22 animals.](fnbeh-06-00029-g0002){#F2}

G~αq~ knockout mice appear normal in tests of anxiety and behavioral despair
----------------------------------------------------------------------------

G~αq~ knockout mice exhibited a significant hypolocomotive phenotype in the elevated zero maze as evidenced by the reduction in total ambulatory distance traveled in the maze compared to wildtype and heterozygote animals (Figure [3A](#F3){ref-type="fig"}). Both G~αq~ knockout and wildtype mice spent significantly more time in the closed arenas than the open arenas with no significant difference between the genotypes with respect to the percentage of time spent in the open (33.9 ± 3.8% for wildtype, 25.3 ± 6.1% for G~αq~ knockout) or closed arenas (66.1 ± 3.8% for wildtype, 74.7 ± 6.1% for G~αq~ knockout) of the maze (Figure [3B](#F3){ref-type="fig"}). This is consistent with previous reports suggesting that wildtype mice spend approximately 20--30% of their time in the open arenas of the zero maze (Shepherd et al., [@B58]). Although not statistically significant \[*F*~(2,\ 32)~ = 2.3, *p* = 0.11\], heterozygous animals spent somewhat more time in the open arenas (42.1 ± 6.8%) than the other two genotypes. While in the open arenas, wildtype, and heterozygous animals traveled at significantly faster speeds than the knockout mice (Figure [3C](#F3){ref-type="fig"}; *F*~(5,\ 30)~ = 8.5, *p* \< 0.001) which moved slower in the maze overall (Figure [3D](#F3){ref-type="fig"}; *F*~(2,\ 33)~ = 11.96, *p* \< 0.001) compared to the other two genotypes.

![**Elevated zero maze.** G~αq~ knockout mice exhibit a hypoactive phenotype on the elevated zero maze and travel significantly less distance in the maze than their wildtype and heterozygous littermates (**A**; *F*~(2,\ 15)~ = 16.55, *p* \< 0.001). There is not a significant difference between the genotypes in the percentage of time spent in the open areas **(B)** indicating a normal anxiety phenotype in the null mice. *n* = 12 for wildtype and heterozygous mice, *n* = 11 for knockout mice in these experiments. While in the open arenas, wildtype, and heterozygous mice move at significantly faster speeds than knockout mice (**C**; *F*~(5,\ 30)~ = 8.5, *p* \< 0.001), which move slower in the maze overall (**D**; *F*~(2,\ 33)~ = 11.96, *p* \< 0.001).](fnbeh-06-00029-g0003){#F3}

Figure [4](#F4){ref-type="fig"} displays the results of the forced swim test, a commonly used assay of behavioral despair used to predict the antidepressant potential of compounds or drug targets in animal models (Porsolt et al., [@B52]; Shepherd et al., [@B58]). The forced swim test revealed no significant differences between the genotypes, indicating that loss of G~αq~ protein expression does not confer antidepressant effects.

![**Forced swim test.** Forced swim test analysis reveals no significant differences (*p* \> 0.05) between the genotypes in this assay of behavioral despair. Each column represents the average of 4--6 animals.](fnbeh-06-00029-g0004){#F4}

G~αq~ knockout mice exhibit deficits in spatial working memory
--------------------------------------------------------------

G~αq~ knockout mice again exhibited significant hypoactivity in the Y-maze as evidenced by the significant reduction in total arm entries committed by this genotype compared heterozygous and wildtype littermates (Figure [5A](#F5){ref-type="fig"}). In addition, acquisition of this spatial task was severely impaired in G~αq~ knockouts compared to wildtype \[*F*~(2,\ 4)~ = 13.3, *p* \< 0.001\]. G~αq~ knockout mice exhibited a significant reduction in the number of spontaneous alternations (entry of the maze\'s three arms in sequence), and the percentage of alternations, a measure which takes into account the hypoactive phenotype of the G~αq~ null mice in this task (Figures [5B,C](#F5){ref-type="fig"}). Wildtype animals spontaneously alternated at 62.5 ± 2.9% compared to 44.1 ± 7.5% observed in G~αq~ knockout mice.

![**Y-maze test.** In this test of spatial working memory, the reduced number of arms entered by G~αq~ knockout mice compared to wildtype and heterozygous littermates again reveals a hypoactive phenotype **(A)**. In addition, acquisition of this spatial task was severely impaired in G~αq~ knockout mice which exhibited a significant reduction in the number of spontaneous alternations (**B**; *F*~(2,\ 44)~ = 14.42, *p* \< 0.001) and percentage of alternations (**C**; *F*~(2,\ 44)~ = 4.44, *p* \< 0.05 between wildtype and null) in this task. Percentage of alternations was determined by dividing the number of alternations by the number of possible alternations \[(\# total arm entries − 2) × 100\], thereby taking into account the locomotor phenotype of G~αq~ knockout mice. Each column represents the average of 12--18 animals.](fnbeh-06-00029-g0005){#F5}

Drug-induced locomotor responses appear intact in G~αq~ knockout mice
---------------------------------------------------------------------

In order to gauge the integrity of basal ganglia locomotor circuitry, we investigated the spontaneous locomotor activity of G~αq~ knockout, heterozygous, and wildtype mice in open field chambers and their acute locomotor response to pharmacological compounds known to modulate locomotor output (primarily by modulating dopaminergic signaling in basal ganglia circuits). Our data show that in a novel open field, G~αq~ knockout mice are initially hypoactive compared to their wildtype and heterozygous littermates (as assessed by distance traveled) and travel significantly less distance than wildtype animals during the 90 min session (Figure [6A](#F6){ref-type="fig"}; *F*~(2,\ 30)~ = 4.2, *p* \< 0.05). These data further support our earlier observations regarding the activity level of the null animals in both the elevated zero and Y-maze tasks. On the second day of habituation (Figure [6B](#F6){ref-type="fig"}), as the wildtype and heterozygous animals acclimate further to the chambers and reduce their level of activity, there is no longer a significant difference in the total distance traveled by each genotype, although there is still a trend \[*F*~(2,\ 31)~ = 4.2, *p* = 0.16\] toward hypoactivity in the null mice.

![**Open field test.** Locomotor activity in a novel open field was assessed. **(A,B)** show the ambulatory distance traveled as a function of time (5 min blocks over a 90 min testing period) by each genotype on 2 days of habituation. Mice were removed from the chamber after 30 min and administered 0.9% saline (i.p.) before returning to the chamber for the last 60 min of testing. The inset in each panel shows the total distance traveled by each genotype, which is significantly reduced for G~αq~ knockout mice on day 1 (**A**; *F*~(2,\ 30)~ = 4.2, *p* \< 0.05). *n* = 12--18 for each genotype.](fnbeh-06-00029-g0006){#F6}

Drug-induced locomotor responses were first assessed using cocaine, a prototypical psychomotor stimulant that increases locomotor activity by blocking high affinity monoamine transporters. Figure [7A](#F7){ref-type="fig"} shows the ambulatory distance traveled by each genotype as a function of time in the open field chamber. The first 30 min represent the baseline period during which the animals were allowed time to habituate to the chamber and the last 60 min (minutes 35--90 on the graph) represent the post-injection period. The data for the baseline and post-injection periods are then averaged and displayed as Figure [7B](#F7){ref-type="fig"}. These data illustrate that injection of 30 mg/kg cocaine (i.p.) elicited a significant locomotor response in all three genotypes relative to the pre-injection baseline period \[*F*~(5,\ 21)~ = 186.0, *p* \< 0.001\]. The raw distance traveled for the knockout mice in the post-injection period, however, was significantly reduced compared to responses observed in both the wildtype and heterozygous animals \[*F*~(5,\ 21)~ = 186.0, *p* \< 0.001\]. There was also a small but significant blunting of the post-injection response of the heterozygous animals \[*F*~(5,\ 21)~ = 186.0, *p* \< 0.001\]. However, when normalized for percentage change from baseline, there were no significant differences between the genotypes. If anything, there was a trend \[*F*~(2,\ 25)~ = 2.23, *p* = 0.13\] toward a greater percentage change from baseline in the null animals because their baseline activity was very low (Figure [7C](#F7){ref-type="fig"}). Taken together, these results indicate that the cocaine-induced locomotor response is largely intact in G~αq~ knockout mice, despite their profound basal hypoactivity.

![**Locomotor response to acute cocaine.** We investigated the integrity of locomotor responses to variety of pharmacological compounds with the ability to modulate dopaminergic signaling (directly or indirectly) and motor output. **(A)** shows the ambulatory distance traveled as a function of time (5 min blocks over a 90 min testing period) by each genotype during a 30 min baseline period and 60 min after the animals were injected with cocaine (30 mg/kg; i.p.). The data is represented as bar graphs in **(B)** with the data from min 10--30 collapsed for each genotype as the baseline measurement and min 40--60 representing the post-injection period. There is a significant increase in locomotor activity in each genotype following exposure to cocaine, however there is a significant difference between the post-injection locomotor response of the knockout mice compared to the other two genotypes \[*F*~(5,\ 21)~ = 186.0, *p* \< 0.001\]. The percentage change from baseline for each genotype is displayed in **(C)** with no significant changes. *n* = 6--12 for each genotype in these experiments.](fnbeh-06-00029-g0007){#F7}

Next, we assessed the locomotor responses to direct stimulation of dopamine D~1~ receptors by the high affinity benzazepine-derived agonist SKF83822. SKF83822 has been reported to activate dopamine D~1~ receptors coupled to G~αs/olf~ and downstream cyclase activity (Undie et al., [@B66]; Rashid et al., [@B53]). Behaviorally, SKF83822 has been shown to produce a locomotor response in both rodent and non-human primate models without affecting stereotypy, intense grooming, or dyskinesia (Peacock and Gerlach, [@B50]; O\'Sullivan et al., [@B44]). In our analyses, an acute injection of SKF83822 (0.4 mg/kg; i.p.) induced a greater than threefold increase in locomotor activity relative to the baseline period for each genotype (Figures [8A,B](#F8){ref-type="fig"}; *F*~(5,\ 18)~ = 139.2, *p* \< 0.001). Again, as observed with acute cocaine, there were significant differences between the post-injection response of the knockout animals compared to their wildtype and heterozygous littermates (Figure [8B](#F8){ref-type="fig"}; *F*~(5,\ 18)~ = 139.2, *p* \< 0.001) without significant changes in the percentage change from baseline between the genotypes (Figure [8C](#F8){ref-type="fig"}).

![**Locomotor response to acute SKF83822. (A,B)** represent the ambulatory distance traveled by each genotype in response to an acute injection of the dopamine D~1~ receptor agonist SKF83822 (0.4 mg/kg; i.p.). There is a significant increase in locomotor activity in each genotype following exposure to SKF83822 \[*F*~(5,\ 18)~ = 139.2, *p* \< 0.001\]. There is, however, a significant difference between the locomotor response of the knockouts compared to the other two genotypes \[*F*~(5,\ 18)~ = 139.2, *p* \< 0.001\] without significant changes in the percentage change from baseline between the genotypes **(C)**. *n* = 6--12 for each genotype in these experiments.](fnbeh-06-00029-g0008){#F8}

We then assessed a second benzazepine-derived D~1~ receptor agonist, SKF83959, for activity in the open field. Unlike SKF83822, SKF83959 has been reported to antagonize dopamine-mediated stimulation of adenylyl cyclase (Arnt et al., [@B5]; Andringa et al., [@B3]; Cools et al., [@B14]; Jin et al., [@B30]) and may preferentially activate D~1~ receptors linked to stimulation of PI hydrolysis (Arnt et al., [@B5]; Panchalingam and Undie, [@B49]; Jin et al., [@B30]). Initial studies assessing the locomotor response to varying doses of SKF83959 suggested that 1 mg/kg (i.p.) elicited a maximal response in wildtype mice (data not shown). This response was still fairly modest, however, and increased locomotor activity approximately twofold over the baseline level (data not shown). In response to an acute injection of SKF83959 (1 mg/kg; i.p.), we again observed significant increases in post-injection locomotor responses in wildtype, heterozygous, and knockout mice (Figures [9A,B](#F9){ref-type="fig"}; *F*~(5,\ 18)~ = 123.9, *p* \< 0.001). We did observe significant differences in the post-injection response of the knockout animals compared to the wildtype and heterozygous animals \[*F*~(5,\ 18)~ = 123.9, *p* \< 0.001\], however the magnitude of the locomotor response was more robust in the knockout \[*F*~(2,\ 33)~ = 7.0, *p* \< 0.05\] and heterozygous \[*F*~(2,\ 33)~ = 7.0, *p* \< 0.001\] animals compared to wildtype when considering the percentage change from baseline (Figure [9C](#F9){ref-type="fig"}).

![**Locomotor response to acute SKF83959.** SKF83959 (1 mg/kg; i.p.), a dopamine D~1~ receptor agonist that has been reported to activate D~1~ receptors coupled to G~αq~, significantly increases locomotor activity in G~αq~ knockout, heterozygous, and wildtype mice (**A,B**; *F*~(5,\ 18)~ = 123.9, *p* \< 0.001). There is also a significant difference in the post-injection locomotor response of the null mice compared to their wildtype and heterozygous littermates (**B**; *F*~(5,\ 18)~ = 123.9, *p* \< 0.001) and a significant difference in the percentage change from baseline of the knockouts \[**C**; *F*~(2,\ 33)~ = 7.0, *p* \< 0.05\] and heterozygotes \[*F*~(2,\ 33)~ = 7.0, *p* \< 0.001\] compared to wildtype. *n* = 12--18 for each genotype.](fnbeh-06-00029-g0009){#F9}

Lastly, we set out to evaluate locomotor activity by modulating glutamatergic input with the non-competitive N-Methyl-D-Aspartate (NMDA) receptor antagonist MK-801. In response to acute MK-801 (0.2 mg/kg; i.p.), we observed significant increases in post-injection locomotor responses in wildtype and G~αq~ heterozygotes \[*F*~(5,\ 36)~ = 9.8, *p* \< 0.05\] but not in G~αq~ knockout mice (Figures [10A,B](#F10){ref-type="fig"}). There were however, as observed previously with all compounds tested, significant differences between the post-injection response of the knockout animals compared to their wildtype \[*F*~(5,\ 36)~ = 9.8, *p* \< 0.001\] and heterozygous \[*F*~(5,\ 36)~ = 9.8, *p* \< 0.01\] littermates (Figure [10B](#F10){ref-type="fig"}) following acute MK-801. Similarly, as observed with all compounds tested except SKF83959, there were no significant changes in the percentage change from baseline between the genotypes (Figure [10C](#F10){ref-type="fig"}).

![**Locomotor response to acute MK-801.** The NMDA receptor antagonist MK-801 (0.2 mg/kg; i.p.) induced a significant locomotor response in wildtype and heterozygous mice \[*F*~(5,\ 36)~ = 9.8, *p* \< 0.05\] but not in G~αq~ knockouts **(A,B)**. Additionally, there were no significant changes observed in the percentage change from baseline between the genotypes **(C)**. *n* = 6--12 for each genotype in these experiments.](fnbeh-06-00029-g0010){#F10}

Discussion {#s4}
==========

As predicted, G~αq~ knockout mice performed significantly worse than wildtype mice on tests of motor coordination and strength revealing a phenotypic motor dysfunction in these animals. These results confirm the visual phenotype of the null mice which hints at ataxia, inability to coordinate movements, and uncontrolled locomotion. G~αq~ knockout mice are also much smaller and weigh less than heterozygous or wildtype mice.

Motor impairments in G~αq~ knockout mice could result from deficits in motor circuits controlled by cerebellar output as previously hypothesized (Offermanns et al., [@B47]) and/or the involvement of other motor pathways including those involving the basal ganglia locomotor circuitry, which we assessed indirectly using locomotor stimulant drugs. In attempting to holistically evaluate G~αq~ knockout mice for circuit-level deficits in brain function, we used simple, well-defined behavioral paradigms to probe the contribution of G~αq~ signaling capacity in complex behaviors that may be relevant to mental health disorders.

Anxiety and depression, for example, are two common emotional disorders accounting for a substantial proportion of the burden of mental health disorders in the United States (Weissman et al., [@B69]; Kessler et al., [@B34]). Although the neural circuits underlying these disorders are not completely understood, dysfunctions in the amygdala, hippocampus, basal ganglia, and prefrontal cortex are commonly implicated (Clark et al., [@B13]; Aupperle and Paulus, [@B6]; Clark and Beck, [@B12]; Harro et al., [@B28]; McEwen et al., [@B40]). In the elevated zero maze, a useful task for assessing anxiety-related behavior in rodent models, we saw no significant differences between the genotypes with respect to the percentage of time spent in the open arenas. These results indicate a normal anxiety-like phenotype in the knockout mice although we do not know if there are compensations within the circuit from global loss of G~αq~ that result in lack of an observed phenotype. Additionally, we observed no significant differences in the forced swim test assessing depressive-like phenotypes. These results were unexpected as there is evidence in the literature suggesting that inhibiting the PLC---protein kinase C signaling transduction pathway or intracellular calcium release (which can be activated by G~αq~-coupled receptors) produces antidepressant effects in the forced swim test (Galeotti et al., [@B21]; Galeotti and Ghelardini, [@B22]). There is also evidence suggesting that chronic stress in rodent models alters transcript levels of *Gnaq* (Alfonso et al., [@B2]); another implication of alterations in G~αq~ signaling in rodent models of depression. It is possible, however, to activate these signaling pathways via other mechanisms including signaling initiated by G~α11~ coupling which remains intact in the G~αq~ knockout animals.

The Y-maze task is often employed as a test of spatial working memory whereby mice will alternate between the three arms of the maze based on their interest in exploring the novel environment and their memory of the last arm entered. The influence of the prefrontal cortex in spontaneous alternation behaviors has previously been demonstrated in rodent models (Kolb, [@B35]) in addition to the roles of other brain regions including the hippocampus, basal forebrain, dorsal striatum, and cerebellum in mediating this behavior (Lalonde, [@B36]). We observed significant differences in the ability of the G~αq~ knockout mice to perform this task indicating that functional G~αq~ signaling in the prefrontal cortex may be necessary for acquisition of this task. These results are interesting with respect to the extensive literature detailing the importance of catecholamine signaling, in particular the role of dopamine, in mediating prefrontal cortex function, and working memory (Vijayraghavan et al., [@B67]; Arnsten, [@B4]). Additionally, there is evidence in the literature suggesting that dopamine D~1~ receptors in the prefrontal cortex are able to couple to G~αq~ (Jin et al., [@B31]) and thus the performance of the G~αq~ null mice could be explained by lack of dopamine signaling in this pathway. Alternatively, lack of signaling through other G~αq~-coupled receptors in the cortex could be contributing to the observed phenotype.

In evaluating the intactness of the basal ganglia locomotor circuitry, we assessed the drug-induced locomotor responses of wildtype, heterozygous, and G~αq~ null animals to a variety of pharmacologic compounds. The psychostimulant cocaine acts indirectly to increase dopaminergic signaling by blocking the dopamine transporter, thus inhibiting dopamine re-uptake into pre-synaptic nerve terminals. As a result, dopamine accumulates at MSN synapses in the dorsal striatum, thus increasing and prolonging receptor activation primarily through D~1~ receptors signaling in the direct motor pathway to increase locomotor output (Kolb, [@B35]; Karasinska et al., [@B32]; Bateup et al., [@B7]). We were successful in generating locomotor responses in all three genotypes in response to acute cocaine suggesting that the functioning of the basal ganglia motor pathways remains largely intact in the absence of G~αq~. Although G~αq~ protein expression does not appear to be necessary for the acute locomotor response to cocaine, it does appear to be involved in the expression of cocaine withdrawal in rodent models. It has previously been shown that rats undergoing withdrawal for 2 days after receiving twice-daily cocaine injections (15 mg/kg; i.p.) exhibited increased levels of membrane-associated G~α11~ and G~αq~ proteins in the amygdala after 1 or 3 days (for peak expression, respectively) of cocaine exposure (Carrasco et al., [@B9]). Additionally, following 5 days of cocaine treatment, membrane-bound G~α11~ and G~αq~ were also increased in the paraventricular nucleus of the hypothalamus (Carrasco et al., [@B9]), but no changes were observed in brain regions such as the frontal cortex even after 14 days of cocaine exposure (Carrasco et al., [@B10], [@B9]). These changes in G~α11~ and G~αq~ protein expression are transient, however, and are reversed back to baseline levels when assessed after 7 days of withdrawal (Carrasco et al., [@B10]).

We were also successful in generating a locomotor response in G~αq~ knockout mice by directly stimulating dopamine D~1~ receptors in the direct motor output pathway with the D~1~ receptor partial agonists SKF83822 and SKF83959. These results were expected with SKF83822 as this compound has been previously shown to produce a locomotor response typical of classical dopamine agonists stimulating adenylyl cyclase activity (Peacock and Gerlach, [@B50]; O\'Sullivan et al., [@B44]). Interestingly, however, we also observed a locomotor response in G~αq~ knockout mice following administration of SKF83959, a dopamine D~1~ receptor agonist that has been reported to activate D~1~ receptors coupled to PI hydrolysis, and intracellular calcium mobilization. Previous reports assessing the behavioral effects of SKF83959 have shown the drug to elicit intense grooming behavior and orofacial movements in rodent models (Downes and Waddington, [@B16]; Fujita et al., [@B20]) and prove effective in reversing parkinsonian symptoms in rodent (unilateral 6-OHDA lesioned) and non-human primate (MPTP treated) models of Parkinson\'s disease (Arnt et al., [@B5]; Gnanalingham et al., [@B25],[@B26],[@B24]; Zhang et al., [@B72]).

One recent hypothesis in the literature detailing a mechanism by which SKF83959 stimulates PI activity involves activating a D~1~/D~2~ receptor dimer complex coupled to G~αq~ protein (Rashid et al., [@B53]) and subsequent signaling systems. We therefore expected to observe minimal SKF83959-induced locomotor responses in G~αq~ knockout mice, if in fact, SKF83959 does activate D~1~ receptors signaling through G~αq~. Contrary to our hypotheses, however, SKF83959-induced locomotor responses were intact in G~αq~ null animals. In fact, when their different baselines are taken into account, G~αq~ heterozygous and knockout mice may actually be more sensitive to the effects of the SKF83959 in that both genotypes exhibited a significantly greater percentage change from baseline in their post-injection locomotor response compared to wildtype animals. Taken together, these results suggest that SKF83959 may not be exclusively activating receptors coupled to the G~αq~ signaling pathway. The most likely explanation is that SKF83959 is not a selective as thought, and may activate D~1~ receptors coupled to G~αs/olf~ signaling pathways. It is conceivable that even if SKF83959 does activate D~1~-G~αs/olf~ coupled receptors, there could be alternative cyclase-independent pathways feeding into IP~3~ dependent-calcium mobilization that would support the initial biochemical characterization of this drug (Arnt et al., [@B5]; Andringa et al., [@B3]; Jin et al., [@B30]).

Our attempts to induce a significant locomotor response in G~αq~ knockout mice by modulating glutamatergic tone with the non-competitive NMDA receptor antagonist MK-801 proved unsuccessful. Experiments using this MK-801 were designed to indirectly modulate locomotor output as descending glutamatergic inputs from the cortex project to the striatum where they synapse on the dendritic spines of MSNs in close proximity to the synaptic contacts of the ascending midbrain dopamine neurons from the SN pars compacta. The glutamatergic and dopaminergic nerve terminals form synaptic triads where they contact MSNs: points of contact whereby the two signaling systems likely converge to modulate MSN output (Schmidt and Kretschmer, [@B57]; Jason et al., [@B29]). Additionally, there is evidence suggesting that MK-801 produces indirect activation of dopaminergic neurons to dose-dependently induce locomotor activity up to 0.5 mg/kg with a peak response around 0.2 mg/kg. At higher doses of MK-801 (\>0.5 mg/kg) a characteristic motor syndrome is produced involving ataxia and stereotypic behaviors including head weaving and body rolling (Liljequist et al., [@B37]). Although the locomotor response induced by MK-801 was not statistically significant in the null animals in our assessments, there was a trend toward increased activity in these mice. In addition, the response observed in the wildtype animals was fairly modest after a 0.2 mg/kg exposure and it may be necessary to move to slightly higher doses for a more robust response. At higher doses, however, other behaviors are also elicited which could confound the clarity of the locomotor response. Furthermore, there is some evidence suggesting that proper postnatal signaling of the G~αq~-coupled mGluR1 receptor is required for proper maturation of glutamatergic synapses in the ventral tegmental area, a midbrain nucleus containing dopaminergic cell bodies (Bellone et al., [@B8]). A mechanism such as this could potentially be necessary in other brain regions and may partially explain the results observed in the G~αq~ knockout mice.

Conclusions {#s5}
===========

We have replicated and extended findings showing clear motor deficits in G~αq~ knockout mice as assessed on an accelerating rotarod and the inverted screen test. Also, we have shown that G~αq~ knockout mice exhibit a significant hypoactive phenotype in the Y-maze, elevated zero maze and the open field, further supporting deficits in motor output. Drug-induced locomotor activity in G~αq~ knockout mice, however, remains intact with stimulation by dopaminergic agonists but not with the glutamatergic antagonist, MK-801. These findings indicate that basal ganglia locomotor circuitry is largely functional in the absence of G~αq~ signaling capacity. Motor impairments in these animals, therefore, likely originate in the cerebellum or other brain regions important in initiating motor output or discrete regions in areas such as the thalamus that are involved in signal integration and relay of motor signals to the cortex.

Additionally, we observed normal phenotypes in both the elevated zero maze and the forced swim test indicating that anxiety and depression-related circuitry appears intact after loss of G~αq~ expression. Lastly, use of the Y-maze revealed spatial memory deficits in G~αq~ knockout mice, indicating that functional G~αq~-coupled receptor signaling is necessary for proficiency in this task, most likely in the prefrontal cortex. However, our use a global mutant line and systemic injections clearly requires a very cautious interpretation, particularly with regard to specific brain regions.
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